Abstract. In spite of impressive advances in recent years, our present understanding of organic aerosol (OA) composition, physical and chemical properties, sources and transformation characteristics is still rather limited, and their environmental effects remain highly uncertain. This paper discusses and prioritizes issues related to organic aerosols and their effects on atmospheric processes and climate, providing a basis for future activities in the field. Four main topical areas are addressed: i) sources of OA; ii) formation transformation and removal of OA; iii) physical, chemical and mixing state of OA; iv) atmospheric modelling of OA. Key questions and research priorities regarding these four areas are synthesized in this paper, and outstanding issues for future research are presented for each topical area. In addition, an effort is made to formulate a basic set of consistent and universally applicable terms and definitions for coherent description of atmospheric OA across different scales and disciplines.
Introduction
Organic aerosol (OA) components account for a large, sometimes even dominant, fraction of air particulate matter. They influence the physical and chemical properties of aerosol particles and thus have effects on the atmosphere and climate through interaction with reactive trace gases, water vapour, clouds, precipitation, and radiation. Moreover, they influence the biosphere and human health through the spread of reproductive materials and micro-organisms, impacts on respiratory and cardiovascular functions, as well as allergic and infectious diseases ( Fig. 1) . At present our understanding of OA composition, physical and chemical properties, sources, transformation and removal characteristics is very limited, and estimates of their actual environmental effects are highly uncertain. Figure 2 illustrates the interdependencies between aerosol sources and formation, composition and properties, interactions and transformation, and climate and health. Obviously, the resulting feedback loops are of central importance for the science and policy of environmental pollution and global change. Thus a comprehensive characterization (climatology) and mechanistic understanding of particle sources, properties, and transformation is required for quantitative assessment, reliable prediction, and efficient
Figure 1: Atmospheric cycling of organic aerosols and effects on the climate system and human health (Pöschl, 2005) .
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Atmospheric cycling of organic aerosols and effects on the climate system and human health (Pöschl, 2005) .
control of natural and anthropogenic aerosol effects on climate and public health. Several scientific papers have reviewed our understanding of OA occurrence and behaviour in the atmosphere (Jacobson et al., 2000; Turpin et al., 2000; Seinfeld and Pankow, 2003; Kanakidou et al., 2005) . The present paper, resulting from a topical international workshop discussion (see acknowledgement section for details) is not aimed at providing a comprehensive literature review on the issue, as for example the paper by Kanakidou et al. (2005) , but instead wants to be problem-oriented and forward-looking, addressing more conceptual aspects, as e.g. the issue of common terminology, and prioritizing issues connected to OA and their effects on the environment and climate, providing the basis for future international collaborative efforts on this extremely complex subject. Reduction of uncertainties will require a comprehensive characterization and investigation of OA by laboratory and environmental chamber experiments, field measurements, remote sensing, and modelling studies. These studies, to be effective, require efficient planning, coordination, and exchange of results within the international scientific community.
Terminology
In the current scientific literature and discussion of atmospheric aerosol properties, interactions, and effects, the terminologies of different studies and communities are not always consistent. For example, the attributes "primary" and "secondary" have been used with a range of different meanings for aerosol particles and their chemical components, depending on the scientific approach, techniques, and focus.
The use of inconsistent terms can easily lead to misunderstandings and confusion in the communication between specialists from different (sub-)disciplines of atmospheric and climate research, and may thus potentially inhibit scientific progress. Here we attempt to compile and clarify a set of consistent and universally applicable basic terms for the investigation, characterisation, and modelling of the sources, formation and transformation, properties, and effects of OA in the atmosphere.
The proposed definitions are largely consistent with the basic terminologies defined in earlier studies and monographs of atmospheric aerosol research (e.g., the Glossary of the 2001 IPCC Report; IPCC, 2001) . They are, however, more explicit, detailed, and comprehensive with respect to OA and their chemical components.
Aerosol particles and gas phase
In general, aerosols are defined as colloidal systems of liquid or solid particles suspended in a gas. Thus, in principle, the term "aerosol" comprises both the aerosol particles and the gas phase, in which the particles are suspended, and the term "aerosol component" may refer to any particulate or gaseous substance in the colloidal system. In atmospheric research, however, the terms "aerosol" and "aerosol component" usually refer to the particles (condensed phase). Only when gas-particle interactions are considered (new particle formation; gas-particle partitioning; heterogeneous or multiphase chemical reactions), it is customary to explicitly distinguish between "particle components" ("particulate components", "condensed phase components") and "gas phase components".
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Volatile, semi-volatile, and non-volatile aerosol components
Volatile components of atmospheric aerosols are not condensable under actual atmospheric conditions and reside in or on the condensed phase only to the extent to which they can be absorbed (dissolved) in the particle bulk or adsorbed on the particle surface. Semi-volatile components are condensable and can reside largely in the condensed phase or in the gas phase, depending on atmospheric conditions. Lowvolatility and non-volatile components reside almost exclusively in the condensed phase.
2.3 Primary, secondary, and aged aerosol particles Primary particles of atmospheric aerosols are formed within a source and directly emitted to the atmosphere, whereas secondary particles are formed in the atmosphere by condensation (nucleation and growth) of gaseous precursors. This definition and discrimination of primary and secondary aerosol particles is meant to be fully compatible with and flexibly applicable for different approaches of scientific investigation and mathematical modelling of atmospheric aerosols at all scales (molecular processes to global atmosphere):
1. detailed process studies (laboratory and field experiments; chemical and microphysical box models): source = leaf/tree, engine/factory tailpipe, etc.; particles formed in a forest canopy or cooling exhaust plume considered as secondary (formed outside the source); 2. simplified large scale studies (regional or global atmosphere and climate models): source = forest/ecosystem, urban area, etc.; particles formed in a vegetation canopy or street canyon considered as primary (formed inside the source).
The formation of particles in emission or exhaust plumes outside a point source or source region (industrial and vehicle tailpipe; forest canopy, etc.) generally depends on ambient temperature, radiation, and atmospheric composition (water vapour, other co-condensable vapours/gases, photo-oxidants, etc.). Thus identical emissions from identical sources (aircraft, ships, vehicles, ecosystems, plants, animals, soil, micro-organisms, etc.) can and will produce different amounts of particles under different conditions (day/night; summer/winter, tropical/polar). In accordance with the definitions outlined above, this can be explicitly resolved in detailed process models or included in the emission parameterisations of simplified large-scale models. Aged particles have undergone physical or chemical transformation in the atmosphere (coagulation; structural rearrangement; phase transition; growth/shrinkage by condensation/evaporation of semi-volatile components; adsorption/absorption of volatile components; chemical transformation). Obviously, both primary and secondary particles can undergo atmospheric aging.
Primary and secondary aerosol components
Primary chemical components of atmospheric aerosols are substances formed within a source and directly emitted into the atmosphere, whereas secondary chemical components are substances formed by chemical reactions in the atmosphere. Secondary components can be formed in the gas phase and condense onto pre-existing particles or lead to the formation of new particles, but they can also be formed by chemical transformation of primary components in the condensed phase. Moreover, chemical aging (transformation) of atmospheric aerosols can lead to the formation of multiple generations of secondary chemical components. Note that aged primary aerosol particles can contain secondary chemical components (e.g., transformation of primary non-volatile components or uptake of secondary semi-volatile components) and secondary aerosol particles can contain primary chemical components (e.g., contribution of primary semivolatile components to the nucleation and growth of secondary particles).
2.5 Organic, inorganic, and carbonaceous aerosols (particles)
In organic, inorganic, and carbonaceous atmospheric aerosols (particles), the chemical composition and physicochemical properties of the condensed phase are dominated by organic, inorganic, or carbonaceous components (organic compounds and black/elemental carbon), respectively. Typically, aged atmospheric aerosol particles contain both organic and inorganic components which influence their physico-chemical properties and atmospheric effects. Nevertheless, some of the most abundant particle types are dominated either by organic/carbonaceous components (e.g., soot, secondary organic aerosol particles) or by inorganic components (e.g., sea salt, mineral dust). Traditionally the total carbon (TC) content of air particulate matter is defined as the sum of all carbon contained in the particles, except in the form of inorganic carbonates. TC is usually determined by thermo-chemical oxidation and evolved gas analysis (CO 2 detection), and divided into an organic carbon (OC) fraction and a black carbon (BC) or elemental carbon (EC) fraction, respectively. Measurements of BC and EC are generally based on optical or thermo-chemical techniques, respectively, and OC is operationally defined as the difference between TC and BC or EC, respectively (TC=BC+OC or TC=EC+OC). However, there is no real sharp cut but a continuous decrease of thermo-chemical refractiveness and specific optical absorption going from graphite-like structures to non-refractive and colourless organic compounds, respectively. Both BC and EC may be thought of as the carbon content of the graphite-like material usually contained in soot (technically defined as the black product of incomplete combustion or pyrolysis of carbonaceous materials) and other combustion aerosol particles, which can be pictured as more or less disordered stacks of graphene layers. Depending on the applied optical or thermo-chemical methods (absorption wavelength, temperature gradient, etc.), however, BC and EC measurements also respond to variable amount of coloured and refractory organic compounds ("brown carbon"), which can lead to substantially different results between methods. This strongly limits the comparability and suitability of BC, EC, and OC data for the determination of mass balances and physicochemical properties of air particulate matter (MayolBracero et al., 2002; Bond et al., 2004; Bond and Bergstrom, 2006; Pöschl, 2005) . The term "brown carbon" refers to the carbon content of light-absorbing organic aerosol components (mostly of high molecular mass and resembling humic or fulvic acids) with a steep increase of absorption toward ultraviolet and short visible wavelengths (Kirchstetter et al., 2004; Hoffer et al., 2005; Andreae and Gelencsér, 2006) .
At first sight, some of the above distinctions may appear trivial. A clear, precise, and universally applicable distinction between the listed terms is, however, indispensable for efficient investigation and consistent description of atmospheric aerosol sources, interactions, and effects as detailed below. The references given above and throughout the rest of this manuscript are meant to support the statements made here, but they do not provide a comprehensive overview of the large and rapidly growing body of scientific literature on organic aerosols, which would go beyond the scope of this article.
Sources of organic aerosols
Source strengths, transformations, and removal rates of OA must be represented with reasonable accuracy in order to constrain the abundance of this aerosol. In addition, properties such as water uptake characteristics, optical properties, and ability to serve as cloud or ice nuclei must be known in order to understand the behaviour of this aerosol in the atmosphere, as well as its climatic and health impacts. This section will discuss how source-centred approaches can be improved to constrain OA regional and global burdens and atmospherically relevant properties.
OA has been classified in two ways: by sources (e.g., anthropogenic vs. biogenic) and by properties (e.g., black carbon vs. organic carbon; hydrophobic vs. hydrophilic, etc.). It remains to be established to what degree there is a one-to-one pairing between these categories. Here we suggest a preliminary source classification (Table 1) , within which aerosol properties can be determined. We recommend use of this set of source designations to facilitate integration and comparison of disparate OA measurements across the globe. In some cases there is consensus within the OA community as to these source class definitions. However, further discussion is needed in defining the others, as discussed below.
Bottom-up estimates of organic aerosol sources will always be uncertain. It is therefore necessary to use atmospheric measurements, which represent the real state of the atmosphere, to constrain estimates of source strength. Several general classes of measurements can assist in this regard. We recommend an effort by the urban air-quality community, While we have recommended the use of source (rather than property) classification, we believe that classification by source, shown in Table 1 , and classifications by climaterelevant properties should begin to converge. It is essential to better represent the climate-relevant properties of OA, in addition to simply its mass loading because these properties will allow for source attribution through "fingerprinting" (i.e., via the "Distinguishing characteristics" in Table 1 ) and also for determining the climatic impact of OA, such as through their light-absorbing properties and activation properties as cloud condensation or ice nuclei. Thus, the sourceoriented classifications discussed here need to be linked with the physical and chemical properties discussed in the following paragraphs.
Outstanding issues for future research
Above we have argued that organic aerosol measurements be classified by source, and have suggested a classification scheme (Table 1) . Nonetheless, it remains an open question as to what source-related definitions of OA are the clearest and most useful. It may be that the categories given in Table 1 will need to change as more is learned about atmospheric OA, but in order to reduce uncertainties in organic aerosol source strengths and properties it will be critical that a consistent classification scheme and a uniform set of definitions are used by the OA research community. Keeping this in mind, the first steps at reducing these uncertainties will need to address the following key questions:
1. What are the uncertainties in "bottom-up" estimates, so that research efforts can be focused on the most important uncertainties?
2. What is the best suite of analytical methods to attribute measured OA to particular sources or processes?
3. How closely can near-source measurements constrain emission rates and climate-relevant properties of OA?
4. How can field measurements (intensive campaigns and continuous monitoring) best be used to assess model inputs and processes?
Definitions
Two of the classes suggested in Table 1 (primary biogenic and ocean-generated OA) have received little attention, but preliminary evidence suggests that they could be important for atmospheric processes (Andreae and Crutzen, 1997; Monn, 2001; O'Dowd et al., 2004; Randles et al., 2004; Leck and Bigg, 2005) . We recommend that literature reviews be prepared on these topics to assess what is known about their magnitude and potential importance. Some of the classes listed in Table 1 require further community discussion to achieve consensus, with specific attention to the distinction between primary and secondary aerosol components (see Sect. 2.4) and to the classification of bio-fuel emissions. In fact, bio-fuel has historically (e.g., IPCC) been lumped with open biomass burning (i.e., Class 5 in Table 1 ) as a source. However, estimating bio-fuel emissions is similar to estimating fossil-fuel emissions because the two are burned for similar purposes. We recommend that bio-fuel emissions be considered together with emissions from closed combustion (i.e., Classes 3 and 4 in Table 1 ), while acknowledging that this classification does not allow a clear separation between the anthropogenic and open biomass categories that are based on isotopic measurements.
Uncertainties in "bottom-up" estimates
A range of challenges are involved in "bottom-up" emission estimates for each of the OA classes listed in Table 1 . However, the modelling framework for each class is similar: some factor representing source quantities (e.g., leaf area index for some biogenic emissions and fuel use for primary anthropogenic emissions) is multiplied by an emission factor (e.g., moles per m 2 leaf area per hour for some biogenic emissions). Each pathway has similar types of uncertainties, such as fuel quantity used or the question of the representativeness of any measured emission or yield factor.
Understanding the sources of variation in both proxies and emission factors is important in two critical endeavours: i) understanding whether emission characteristics measured in one region are transferable to another region; and ii) understanding how emissions will change under different climatic regimes. The "bottom-up" framework will allow to address these questions, and the community needs to pursue this representation, although not exclusively.
The need to address the changing emissions and characteristics makes it clear that dynamic models, rather than static inventories, must become state-of-the-art. For example, in a dynamic model simulation of the global biogenic secondary organic aerosol (Class 1.2) emissions respond to temperature as shown in Fig. 3 for isoprene. Similarly, pyrogenic emissions from closed combustion (Classes 2.1 through 3.2) will grow as fuel consumption increases, and change as different fuels are selected. Such interactions will be particularly important for investigating the net response of the earth system to global change. These models will require a judicious balance between representations of the important physical mechanisms, while at the same time excluding unnecessary complexity such as tertiary processes that cannot be confirmed empirically. Synergistic use of such dynamic models, together with the traditional flux measurements and the satellite observations of proxy compounds, the latter being a technique that is presently emerging, is expected to provide a step forward in reducing the OA sources uncertainties. Similarly to biogenic secondary organic aerosol (SOA) precursor emissions, the uncertainty in the emissions of primary organic aerosol (POA) from sea-spray can be reduced by targeted studies that combine tracer measurements in the sea surface and in the marine boundary layer with air-sea exchanges models and satellite observations. At present, only some of the source classes shown in Table 1 have at least some existing modelling framework, and there are large uncertainties associated with each of them. In contrast, other source classes require preliminary investigations before model estimates can be generated. While a final prioritization of research efforts to reduce these uncertainties should be based on model sensitivity studies, Table 2 provides a preliminary list of recommended strategies to pursue the largest uncertainties (from a bottom-up viewpoint) in each of the four classes for which a modelling framework is currently available.
Attribution
The ability to physically and/or chemically distinguish different fractions of OA is critical to constraining source estimates. Presently, poor comparisons between predictions and measurements of OA cannot be attributed to errors or Finally, these techniques should be used to constrain not only mass loading/concentration predictions but also the properties of OA and OA components.
Near-source measurements
Field campaigns near specific source types and under the simplest possible situations (i.e., minimizing other sources, transport and conversion time, removal, etc.) will have the greatest utility for testing the bottom-up approach to quantifying source emissions. Such measurements should be conducted in places where the source term is much larger than the loss and transformation terms, such as regions dominated by a single source (e.g., biogenic emissions or biomass burning) or in plumes. Global models may be used to identify such regions, and regional models could test the detailed assumptions regarding the impacts of sources on concentrations at the measurement location. Careful integration of several measurement approaches will be needed to provide the combination of spatial detail and time-resolution necessary to constrain the most important aerosol properties and distributions, including vertical profiles. For example, one might make fast airborne in-situ measurements of proxies with instruments like the Aerodyne AMS. Lidar measurements could then be used to scale those in-situ measurements over cross-plume sections. Slower, more specific measurements from the surface, tethered balloons, or towers would also be needed to relate the proxy measurement to the actual species of interest. This could be done using detailed measurements such as scanning electron microscopy, molecular markers, functional group analyses, and other approaches. Flux measurements of biogenic emissions provide another example of integrating approaches: micrometeorological, mass balance, and tracer ratio methods can be conducted on a variety of platforms including handheld, tower, blimp, and aircraft. We recommend that specific observational strategies aimed at source-model testing be incorporated into the mega-city experiments that various programs are planning, such as IGAC's Mega-cities Task, the Monsoon Asia Integrated Regional Study, and the MIRAGE Mexico City campaign. In addition to constraining source mass emissions, measurements near sources can assist in the task of determining the climate-relevant properties of OA. Some properties are largely determined at or near the source, such as the abundance of light-absorbing soot particles. Other properties, such as particle hygroscopicity, are influenced by atmospheric history and processing. For example, pyrogenic aerosols can become larger, more hygroscopic and more soluble as they age . The properties that can be constrained with near-source measurements should be identified, and field measurements should be designed to determine the relevance of near-source measurements to properties of OA throughout the atmosphere. If transformations of these properties occur rapidly, then the near-source properties need not be represented in models, and representative properties would need to be obtained by another method. Aircraft studies of plume aging processes (tracking an air parcel as it travels downwind of a source) are needed to quantify these transformations and characterize their time scales. This is true regardless of whether the plume is from a fire, a power plant stack or an isolated forest.
Integrated measurements on a variety of scales
It is frequently useful to characterize concentration fields on several different spatial and time scales to gain a complete understanding of the processes controlling emissions from a particular source. Measurements on a range of spatial scales (from <1 km 2 to the entire earth system) and time scales (from seconds to years) are desirable. Integrated measurement-modelling approaches, including inverse modelling and assimilation of satellite data, will also suggest areas in which source characterization can be improved.
Ultimately, we have to demonstrate that models integrating sources, transformation processes, transport, and removal are consistent with atmospheric measurements. Because meteorology has a large impact on atmospheric concentrations, a statistically significant number of samples are needed for a large range of emission and meteorological pairings. Thus time-series measurements combined with modelling studies lasting several years are needed to confirm their consistency. These time-series should include markers and properties that can be related to specific source types. Associated measurements may include a combination of in-situ and remote sensing data.
Source strengths are one set of the many model inputs that can be varied to make models and observations agree, so specific attention should be paid to designing some of the models and time-series observations to isolate the impact of source changes from that of changes in atmospheric processing, transport, etc. Examples might be seasonal changes in building heating or field burning, which could be detected in aerosol time-series observations and attributed to specific source changes. The design of the time-series studies should also include explicit identification and testing of other atmospheric processes.
Formation and transformation of organic aerosols
In addition to constraining source strengths and aerosol properties at the source, it is critical that we understand how OA and their precursors are transformed in the atmosphere and the dependence of the transformation on the chemical and thermodynamic conditions of the ambient environment. This is needed for two main reasons: i) to accurately forecast how changing emissions will impact atmospheric organic aerosol concentrations and properties on the regional to global scale, and ii) to connect atmospheric measurements with sources. As noted above, a large (but as yet un-quantified) fraction of organic aerosol is formed in the atmosphere by precursor gases. While the basic mechanisms for aerosol formation are identified, the details of these processes are not. In addition, both primary and secondary OA interact with other gas and aerosol species in the atmosphere so that their properties (i.e., size, hygroscopicity, light absorption and scattering efficiency) can change significantly with time and distance from their source.
Gaseous organic components can be transformed into aerosol and incorporated into existing particles by several pathways:
1. partitioning of semi-volatile organic compounds (SVOC) from the gas phase into/onto pre-existing particles. Note that SVOC can be formed by atmospheric oxidation of VOC or directly emitted into the atmosphere from biogenic or anthropogenic sources, such as vegetation and combustion emissions (e.g., aldehydes like nonanal, and polycyclic aromatic hydrocarbons like pyrene);
2. participation of SVOC and NVOC (low-or non-volatile organic compounds) in the formation of new particles (nucleation);
3. formation of NVOC by heterogeneous or multiphase reactions of VOC or SVOC on the surface or in the bulk of aerosol and cloud particles.
Until recently, most studies of SOA formation had focused on the formation of SVOC by gas phase oxidation of biogenic and anthropogenic VOC (e.g., monoterpenes and benzene derivatives) and on their gas-to-particle conversion via pathways a) or b). Several recent studies, however, indicate that pathway c) may also play an important role in SOA formation in the atmosphere. In addition, VOC which had previously been assumed not to contribute to organic aerosol formation have been positively identified as SOA precursors (e.g., isoprene and benzene) (Claeys et al., 2004; Gao et al., 2004; Kalberer et al., 2004; Tolocka et al., 2004; Martian-Reviejo and Wirtz, 2005) . These studies have shown that organic compounds with high molecular masses (oligomers/polymers, humiclike substances (HULIS), mostly < 500 Da) can be formed from VOC or SVOC by acid-catalysed or radical oligo-or polymerisation reactions involving photo-oxidants and sulphuric acid, dilute aqueous solutions, or freshly formed OA particles. The formation of new aerosol particles from gas phase molecules generally proceeds via the nucleation of nanometre-sized molecular clusters and subsequent growth by condensation (Kulmala, 2003) . Experimental evidence from field measurements and model calculations suggests that the formation of new organic particles in the atmosphere may be dominated by ternary nucleation of H 2 SO 4 -H 2 O-NH 3 and subsequent condensation of organic vapours (SVOC) (Kulmala et al., 2004 (Kulmala et al., , 2005 . Laboratory experiments, on the other hand, indicate that SVOC may also play a role in the nucleation process if the concentrations of condensable vapours are high enough.
Physical and chemical aging processes can efficiently change the properties and environmental effects of aerosols. Under atmospheric conditions, OA particle components (POA as well as SOA) can undergo a wide range of chemical reactions (oxidation, nitration, hydrolysis, photolysis, polymerisation, etc.), and the interaction of OA components with inorganic ions/electric charge, water vapour and clouds can influence the physical structure of aerosol particles (envelope shape and porosity, phase separation and transition, etc. (Mikhailov et al., 2004) .
The chemical aging of OA components essentially follows the generic reaction pathways outlined in Fig. 4 , and it tends to increase the oxidation state and water solubility of OC. In analogy to atmospheric gas phase photochemistry of VOC, oxidation, nitration, hydrolysis, and photolysis transform hydrocarbons and derivatives with one or few functional groups into multifunctional hydrocarbon derivatives. The cleavage of organic molecules and release of SVOC, VOC, CO or CO 2 can also lead to a volatilization of organic particulate matter (OPM). On the other hand, oxidative modification and degradation of biopolymers may convert these into HULIS (analogous to the formation of humic substances in soil, surface water, and groundwater processes). Moreover, condensation reactions and radical-initiated oligo-or polymerization can decrease the volatility of OA components and promote the formation of SOA particulate matter (SOA oligomers or HULIS, respectively). Oxidation and nitration reactions can also influence the toxicity and allergenicity of air particulate matter (Pöschl, 2002; Bernstein et al., 2004; Schauer et al., 2004; Franze et al., 2005) .
The actual reaction mechanisms and kinetics, however, have been elucidated and fully characterized only for a small number of model reaction systems and components. So far, most progress has been made in the investigation and modelling of chemical reactions in cloud droplets. For the reasons outlined above, very few reliable and widely applicable kinetic parameters are available for organic reactions at the surface and in the bulk of liquid and solid aerosol particles.
The formation and transformation of atmospheric aerosol particles and components generally proceeds via multiple by 2K (bottom). Figure 5: Schematic illustration of the formation and transformation of atmospheric aerosol particles and components: mass transport and phase transitions in and between gas phase, clusters, aerosol, cloud and precipitation particles; chemical reactions in the gas phase, at the interface, and in the particle bulk (Pöschl, 2005; Pöschl et al., 2005) . . Schematic illustration of the formation and transformation of atmospheric aerosol particles and components: mass transport and phase transitions in and between gas phase, clusters, aerosol, cloud and precipitation particles; chemical reactions in the gas phase, at the interface, and in the particle bulk (Pöschl, 2005; Pöschl et al., 2005) . steps of mass transport and chemical reaction in and between the gas phase, molecular clusters, aerosol, cloud, and precipitation particles (multiphase processes and heterogeneous reactions; Fig. 5 ). The combination of gas and liquid diffusion, reversible and competitive adsorption, and surface and bulk reactions usually leads to non-linear concentration and time dependencies and limits the applicability of linear extrapolations and steady-state assumptions. For a reliable mechanistic understanding and quantitative description of OA formation and transformation, the involved physico-chemical processes have to be deconvoluted and characterised by universally applicable formalisms and rate coefficients. A kinetic model framework for consistent and efficient description of aerosol and cloud surface chemistry and gas-particle interactions has recently been proposed by Pöschl et al. (2005) . It builds on a simple double layer surface model and enables formal separation and, depending on the required level of detail and available information, flexible separation or convolution of elementary molecular processes in the gas phase, at the gas-particle interface, and in the particle bulk (Fig. 6 ).
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Outstanding issues for future research
For each of the above transformation pathways (SOA formation, new particle formation, and organic aerosol ageing) a specific set of open questions and research priorities emerges. In some cases there is overlap, such as the need for more laboratory studies under atmospherically relevant conditions. The complexity of these processes and our current particles and components: mass transport and phase transitions in and between gas phase, clusters, aerosol, cloud and precipitation particles; chemical reactions in the gas phase, at the interface, and in the particle bulk (Pöschl, 2005; Pöschl et al., 2005) . 
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Figure 6: Double-layer surface model, transport fluxes (bold green arrows), and chemical reactions (slim red arrows) of semi-volatile aerosol components (Z x ) at a gas-particle interface . Fig. 6 . Double-layer surface model, transport fluxes (bold green arrows), and chemical reactions (slim red arrows) of semi-volatile aerosol components (Zx) at a gas-particle interface .
lack of understanding of them means that detailed studies in both laboratory and field environments are needed. At the same time, because there is a need to represent these processes in models there is an emphasis on identifying the most important processes. In addition, it is critical that we identify areas where simplification is possible, such as through parameterizations or the grouping of similar species/processes.
Open questions on secondary organic aerosol (SOA) formation
1. How important is SOA formation in the atmosphere (OA vs. inorganics; SOA vs. POA), and how does it influence the properties and environmental effects of atmospheric aerosols?
2. How important are the different SOA formation pathways relative to each other; in particular, how important are heterogeneous reactions on aerosols and multiphase reactions in clouds relative to each other and relative to gas phase oxidation followed by gas-to-particle conversion? 5. Are the organic compounds involved in new particle formation different than the bulk of SOA components (i.e., those that either remain in the gas phase or that condense directly onto existing particles)?
6. How can the organics involved in new particle formation be determined in laboratory experiments and field measurements?
4.1.3 Open questions on organic aerosol aging 1. How do aging processes influence the physico-chemical properties of OA components, in particular their volatility, solubility, hygroscopicity, and optical absorption (e.g., formation of light-absorbing and hygroscopic species) ?
2. How does the chemical transformation of OA by atmospheric photo-oxidants (air pollutants) influence aerosol health effects (e.g., the enhancement of mutagenicity and allergenicity by nitration of polycyclic aromatic hydrocarbons in soot and proteins in bioparticles, respectively)?
3. How do OA components and their aging influence the kinetics of aerosol particle interactions with reactive trace gases, water vapour and clouds (e.g., kinetic limitations to mass transport and phase transitions like particle deliquescence and efflorescence, evaporation and adsorption/absorption of semi-volatile organics and inorganics, etc.)?
4. What are the mechanisms and kinetics of OA aging processes (heterogeneous and multiphase chemical reactions; mass transport and phase transitions; surface and bulk effects), and how can they be efficiently described in atmospheric models?
5. How do transformations upon sampling, storage, and measurement influence the chemical and physical analysis of OA (e.g., filter reactions, gas-particle partitioning, shape transformation, etc.)?
6. Can aging of OA by heterogeneous reactions followed by evaporation of smaller molecular weight products (Molina et al., 2004) be an important sink for OA and for atmospheric oxidants?
Physical and chemical state of organic aerosols
The diverse chemical and physical properties of aerosol particles that contain organic compounds control the role they play in the atmosphere, affecting i) their gas-particle partitioning, ii) their water uptake in sub-saturated conditions, iii) their water uptake in supersaturated conditions, iv) their nucleation of ice, and v) their light scattering and absorption. The measurement of OA composition has involved a multifaceted approach, drawing on a number of complementary instruments. The instruments that exist today vary in the type of method used, ranging from approaches that quantify individual molecular species to ones that characterize only partial molecular fragments or bonds. Examples of speciated approaches include liquid or gas chromatography coupled with mass spectrometry (LC-MS), whereas aerosol ablation and ionization can be used with mass spectrometry to characterize fragments, and infrared (IR) spectroscopy measures absorption by bonds. Some of the techniques that have been applied to characterizing organic aerosol are listed in Table 3 .
Since information on the complete molecular composition of organic particles is impossible to obtain with existing techniques and is unlikely to be realized in the foreseeable future, current strategies need to include both improvements to existing instrumentation and a method for characterizing OA using techniques that do not rely on full chemical speciation.
Simultaneously, existing measurement techniques should be exploited to characterize organic composition with propertybased approaches. To this end, the use of model compounds which can simulate the chemical and physical properties of OA has been proposed (Fuzzi et al., 2001 and should further be exploited.
A further issue is that organic aerosol measurements are often seriously affected by positive and negative artefacts during sampling, also limiting the accuracy to which we can fully characterise and understand OA composition. For instance, transformation processes of the organic component of aerosols occur not only in the atmosphere but also during aerosol sampling and measurement, frequently leading to substantial analytical artefacts (in some cases up to 100% of measurement values; Schauer et al., 2003) . Various techniques have been developed to overcome this problem but the issue of artefact aerosol organic carbon is far from being solved.
In addition, Evolved Gas Analysis (EGA, the basic type of analysis to separate EC and OC in atmospheric aerosol) suffers from many shortcomings and uncertainties still remain unacceptably large for OA characterisation and the distinction of the organic and "elemental" fractions (see e.g. review by Novakov et al., 2005) .
In addition to the issues with measurement techniques, there are also complicating factors as to how to interpret the results of these measurements and use them to make generalized statements about OA properties.
Water uptake in sub-saturated conditions is typically described as "hygroscopic growth" characterized by a diameter-based ratio of the change in particle size, where growth is either monotonic (simple exponential) or deliquescent (exponential, but with a very rapid increase in size around a given relative humidity, RH). Evidence exists suggesting that particle-phase organic compounds enhance water uptake by atmospheric particles in some cases and inhibit or retard water uptake in other cases (Saxena and Hildemann, 1996) , in particular affecting water uptake at low RH. For example, have noted that mixtures of organics can retain water and remain in the liquid phase even at very low RH. On the other hand, the presence of organics (particularly more soluble organics) can also lower the RH at which deliquescence of the aerosol occurs (Kanakidou et Szidat et al., 2004 Szidat et al., al., 2005 . While the ability of dissolved inorganic ions in aerosol particles to take up water is well understood, theoretically and experimentally, little information exists about the hygroscopic behaviour of particles containing organic compounds. The mechanism of water uptake by particles that contain organic species has been studied recently in several laboratory experiments, but most of these results describe the behaviour of pure organic compounds in water or of mixtures of organic compounds with an inorganic salt, whereas real atmospheric aerosol, particularly in polluted regions, is almost always a complex mixture of organic and inorganic aerosols, the latter of which may include soot and/or dust, as well as chemically active gas species. Complex mixtures of organic compounds have been characterized by semi-empirical thermodynamic models of properties, but these model results need to be validated (Marcolli et al., 2005; Topping et al., 2005; Mircea et al., 2005) . The phase of components in particles plays a key role in determining how particles take up water. Compounds that are mixed in dry conditions will tend to stay mixed as they take up water. Compounds that are not mixed in dry solid or liquid particles will tend to take up water in separate stages, as required by the Gibbs Phase Rule. The behaviour of well-mixed liquids differs considerably from water uptake by components that are not mutually soluble in dry conditions.
Another important aspect of the behaviour of OA in the atmosphere is their ability to serve as condensation nuclei for cloud droplets in supersaturated conditions. Laboratory studies on hygroscopic growth of different polar organic compounds have demonstrated that water-soluble organics in the atmospheric aerosol could act as important cloud condensation nuclei (CCN) or ice nuclei (IN) Hartz et al., 2005; Svenningsson et al., 2006) . This role is also important in determining the microphysical properties of clouds as well as the deposition of particles in lungs. Classical theory for ideal solutions of dissociated inorganic ions shows that the Raoult effect competes with the Kelvin effect in the water uptake process (Köhler, 1936) . The result is heterogeneous nucleation of droplets with sufficient energy from dissolution of ions to overcome the barrier created by the formation of an expanded air-water interface. This picture of cloud condensation nuclei depends nearly exclusively on the solubility and surface tension of organic compounds in particles (Nenes et al., 2002) . Recent work suggests that surface wettability may also play a role in describing the non-ideal solution properties associated with the complex mixtures present in organic particles in the atmosphere (Raymond and Pandis, 2002) . In addition, the presence of trace amount of inorganic salts can also significantly alter the ability of organic aerosols to form cloud droplets (Bilde and Svenningsson, 2004; Broekhuizen et al, 2004) .
The influence of OA particles in changing the properties of ice-forming nuclei in mixed-phase clouds is poorly understood, as is also their role in ice crystal formation within cirrus clouds. In one study it was noted that ice cloud particles preferentially contained sulphate (versus organic) aerosol, indicating that the organics were not as efficient as ice nuclei (Cziczo et al., 2004) . Another study concluded that the presence of organics will not have a significant impact on cirrus formation unless they comprise a very high fraction of the ambient aerosol (Kärcher and Koop, 2004) .
Organic aerosols also contribute to the optical properties of atmospheric particles (i.e., their light scattering efficiency and absorption efficiency) which are governed by hygroscopicity, absorption, phase and mixing, and other properties. Hygroscopic growth plays an important role in the direct radiative effect of aerosol by enhancing light scattering, resulting in reductions in visibility and incoming solar radiation. Organic particles will both absorb and scatter radiation. It is known that absorption by black carbon has an important effect on the atmospheric radiative balance, but the relative and absolute roles of back carbon and light-absorbing organic aerosol ("brown carbon") in absorbing radiation is not well constrained (Andreae and Gelencser, 2006) . Quantifying light-absorbing carbon, and the associated organic carbon that is typically mixed with soot-like emissions, requires careful measurements and multiple techniques. The few measurements of absorption by typical atmospheric organic compounds show very small absorption, but both particle phase and its associated shape have important impacts on the calculated scattering and absorption of light in the atmosphere and individual organic components exhibit a wide range of scattering and absorption indices (Fig. 7) . External and internal mixing of components may change the calculated optical effects significantly (Jacobson, 2001; Myhre and Nielsen, 2004) .
Outstanding issues for future research
For the last decade, studies of molecular compositions of OA have been conducted extensively using GC/MS, LC/MS, IC, etc. Previous molecular approaches demonstrated that organic aerosols are composed of complex mixture of different organic species from less-polar organics (n-alkanes, polycyclic aromatic hydrocarbons, fatty alcohols, fatty acids, etc.) to highly polar organics such as dicarboxylic acids and multi-functional organic acids. Studies employing FTIR spectroscopy and NEXAFS have demonstrated the presence of different functional groups such as ketonic and carboxylic groups in aerosol particles. Humic-like substances (HULIS) have been identified in aerosols, although their contribution to organic carbon is not clear. Field observation and laboratory smog chamber studies demonstrated that oxidative reactions of biogenic and anthropogenic OA precursors in the gas phase produce low molecular weight organic acids such as oxalic and other dicarboxylic acids, dicarbonyls and multifunctional organics. Oxidation reactions in the particle phase may also produce oxygenated species, including aldehydes, organic acids, and large molecules such as HULIS. Despite this research progress, a significant fraction of atmospheric OA still remains poorly characterized.
Future analytical research should expand our knowledge of OA to provide i) direct relationships to primary and secondary sources of particulate organics, ii) properties of the mixtures present in organic particles, and iii) chemical reactivity of components in particle mixtures. One path to providing these three types of information is quantitative, molecular speciation of every compound present in aerosol particles, followed by development of a detailed model linking this molecular composition to the source origins, physical, and chemical of the resulting mixtures. The second path uses property-driven lumping to estimate mixture behaviour in the absence of complete speciation. We believe that both paths should continue to yield fruitful insights on organic aerosol, and that their parallel implementation will significantly advance our understanding in the next decade. The relationship between sources and their organic emissions provides a critical link to understanding how organic particles form. Characterizing organic emissions from individual sources is a formidable challenge, because of the cost of measuring the diverse and dispersed types of activities that produce organics. Currently most countries lack specific regulations on organic emissions. Before we can effectively identify sources of global organic emissions we will need to effect changes in policy.
The mixture properties of the OA determine their impact on the atmosphere. One example of physical properties for organic particles that remains an outstanding research issue is the optical properties of OA. Characterizing the absorption of sunlight in the atmosphere by particles requires paying careful attention to absorbing organic compounds in particles and the wavelength dependence of their absorption. Measuring optical properties in mixtures of micron-sized particles provides an outstanding technical challenge that merits future instrument development. Solubility, hygroscopicity, and wettability also represent important properties of aerosol behaviour in the atmosphere that are not yet well characterized or understood.
The third type of properties needed are the chemical reactivities, describing the reactions of components that lead to changes in OA composition. Chemical evolution of OA in the atmosphere modifies distributions of functional groups, thus altering the mixture properties (e.g. hygroscopicity, solubility, wettability, ice nucleation capability, optical characteristics). One example is that small dicarboxylic acids can act as agents to dissolve clay and carbonate minerals (dusts) and accelerate the release of metals into the liquid phase of aerosols and may thereby be linked to biogeochemical cycles of micronutrients in the remote atmosphere and ocean. Future studies will need to characterize these potential changes in composition during atmospheric transport.
Atmospheric modelling of organic aerosols
Using models, we can integrate knowledge on sources of organic species, their transport, formation, transformation, and properties (chemical, physical and optical) with the thermodynamics and meteorology of the ambient atmosphere in order to determine the effects of OA on the biosphere and human health, their radiative impacts, effects on the Fig. 7 . Shown is the absorption index (top) and the real refractive index (bottom) of several organics and forms of black carbon, for wavelengths between about ∼250-800 nm. The compounds shown present some overlap (i.e. common compounds studied) but are not all the same hydrological cycle and, from that, their climate impacts. As has been discussed above, field measurements have revealed a very large number of organic species in the atmosphere in both the gas and particulate phases. The behaviour of these species depends on their mass fractions relative to one another and to inorganic species (such as SO 2 , NO x , O 3 , nitrate, sulphate, and black carbon) as well as on temperature and humidity, all of which will likely evolve with time and climatic conditions. The complexity of the processes controlling atmospheric aerosols can only be captured using small-scale, high resolution models which are capable of simulating physical and chemical processes in great detail. These models can yield insight into how perturbations in atmospheric composition and climate might affect organic aerosol formation rates and properties (i.e., sensitivity studies) and the concomitant impacts on aerosol distribution as well as, for example, cloud droplet formation and wet and dry deposition of these aerosols. However this level of chemical and microphysical detail cannot be extended to the global scale due to computational limitations, so radiative and climate impacts Fig. 8 . The ratio of secondary to total organic aerosol at the surface (top) and the vertical profile of SOA/OA for the month of July (bottom; Kanakidou et al., 2005; Tsigaridis et al., 2005) . must be determined using a hierarchy of models from process models over regional models to global scale (Johnson et al., 2006a, b) .
Information and improvements are needed in order to reduce uncertainties in Chemical Transport Model (CTM) and Global Climate Model (GCM) representations of OA. Currently, there is about a factor-of-three uncertainty in the direct plus indirect top-of the-atmosphere radiative effect of OA (IPCC, 2001) , so these uncertainties are large. A significant part of this stems from a lack of understanding of SOA formation rates and their controlling factors, though source strengths (for both OA and precursor gases), transformation and removal processes, the aerosol optical properties, and organics' effects on cloud formation and lifetime also remain highly uncertain. Depending on the aerosol sources, transport processes, and atmospheric conditions, the composition of OA can be dominated either by POA or by SOA. For example, recent studies have shown a high abundance of POA in tropical air masses that are influenced by strong biomass burning Formenti et al., 2003; Kirchstetter et al., 2003; Decesari et al., 2006) . On the other hand, in extra-tropical air masses, influenced by anthropogenic or biogenic emissions of precursor VOC and characterized by high photochemical activity, most of the aerosol is produced in the atmosphere from gaseous precursors (cf. Kanakidou et al., 2005 and Fig. 8 ).
In addition to basic knowledge about OA, there is a need to improve the representation of the physical and chemical characterization of OA component in models. Effort needs to focus on modelling (i) the size resolved multi-component aerosol, allowing consideration of internally mixed aerosol; (ii) the formation of SOA, including mechanisms other than gas-to-particle partitioning; and (iii) the impact of organics on aerosol optics, on water associated with the aerosol, on cloud formation, growth and properties .
Outstanding issues for future research
To consider organic aerosols in CTMs and GCMs we need to identify which are the critical parameters for controlling OA formation and fate under both pristine and polluted conditions and to identify suitable parameterisations of processes too complex to be included in full detail. This requires improvement of our understanding of the physical and chemical behaviour of OA such that we can simplify the system without missing critical information on the complex organic/inorganic mixtures of the different aerosol types (marine, urban, rural, etc) .
To properly include OA properties in models, we need to have better knowledge in the following critical areas:
1. The total three-dimensional mass and size distribution and temporal variability of OA in the atmosphere. This depends on sufficiently constrained knowledge of emissions, physical and chemical transformation processes, and removal rates from the atmosphere via dry deposition and precipitation. In particular, the simulation of the formation and occurrence of SOA in the troposphere requires the development of "clever" lumping methods, using a small number of species that represent the necessary properties for modelling and which are suitable for present-day and pre-industrial conditions.
The optical properties of OA (absorption/scattering) and information on solubility, hygroscopicity and the ability of OA to activate as cloud condensation nuclei (CCN) and ice nuclei (IN).
These properties need to be defined/parameterized at the particle level involving mixtures of numerous organic components. We also need to know and simulate the state of mixing of organics with the other aerosol constituents in the atmosphere and understand how their mixing state impacts their physical, optical and hygroscopic properties.
In Table 4 we summarize the specific information needed at the very small scale and that are needed at the scale represented in CTMs and GCMs, and we suggest that the need to link the two scales may be met by the use of functional grouping of organic species. Information about molecular functional groups might offer a means for deducing the minimum number of surrogate compounds for OA in models. An issue with some of the properties listed in Table 4 is that measurements will not necessarily yield information in the form needed by modellers. For example, models typically calculate aerosol optical properties by taking a mass mixing ratio, distributing it over a lognormal size distribution, calculating a mass-weighted index of refraction (real and imaginary), and then use Mie theory to calculate the aerosol scattering and absorption properties. While mass mixing ratio and size distributions are routinely measured in the field, index of refraction is not. Instead, mass scattering and absorption efficiencies and the single scattering albedo (ratio of scattering to scattering-plus-absorption) are measured. Also, accurate determination of index of refraction relies on full chemical characterization, which because of the high chemical complexity of real atmospheric OA is not generally accomplished. Thus the measured optical properties are useful for validation, but not for model input. Similarly, particle formation rates and processes cannot be measured directly but must be inferred from measurements at various points downwind of sources (i.e., Lagrangian type experiments).
In addition to the improvements to model inputs, the model representations of certain processes need to be improved. Formation of OA from gas species within the atmosphere deserves special attention, both because of the difficultly of representing this process in models and because of what the models can teach us. For example, SOA is formed in the whole tropospheric column and not only close to the surface. Model calculations have shown that only about half of it is formed in the lowest 6 km in the troposphere, and the percentage contribution of the secondary fraction to the total OA mass increases with height . The sensitivity of OA chemical formation to various parameters has been studied by comparing different transport/chemistry models for the same case study and in comparing different cases with the same CTM (Pun et al., 2003; Tsigaridis and Kanakidou, 2003) . These results point out the importance of the "lumping" of groups of chemical constituents in model representations. The major factor of uncertainty seems to be the temperature dependence of the partitioning of constituents between gas and particulate phases. Recent experimental studies of oligomer formation of OA Tolocka et al., 2004; Gao et al., 2004 ) suggest a new approach of SOA modelling that involves multiphase and aerosol chemistry and references therein). The uncertainty in the emissions of the VOC that lead to SOA formation is propagated to the SOA formation, but not linearly since oxidant levels are also affected by VOC emissions.
Improvement is also needed in how models treat OA hygroscopicity. Currently, most models assume that OA is initially hydrophobic, then use a fixed e-folding time to transform them to a uniform level of hygroscopicity. This is critical for three reasons: i) aerosol optical depth (i.e., the OA direct radiative impact) is highly dependent on the aerosol hygroscopicity in high humidity regions -such as the boundary layer where OA are most likely to reside; ii) the water uptake properties of the aerosol will strongly affect its ability to act as CCN (i.e., the OA indirect effect); and iii) the removal, and thus atmospheric burden, of OA will be impacted by how easily OA are incorporated into clouds. The simplified parameterisation of the conversion of OA from hydrophobic to hydrophilic that is currently being used in models needs to be replaced by a more physically and chemically based parameterisations. In addition, improvement of cloud and precipitation parameterizations (stratiform and convective) in GCMs must be a major point of action (Lohmann and Feichter, 2005) . Models will ultimately be improved through close collaborations between modellers and those conducting laboratory and field measurements and by investigating OA in the context of the full earth system. In turn, the measurement community can optimize the utility of their measurements using model results.
Recommended research directions
Because of the OA particularly complex chemical composition and of the degree to which OA can be altered chemically and physically in the atmosphere it is unlikely that we will ever be able to fully represent the state of all organic species throughout their lifetime in the atmosphere. Progress on resolving the many open questions delineated above requires a research approach, where: i) the most critical questions are identified and addressed first; ii) uniform terminology (Sect. 2) is used by the whole research community; iii) simplifications, such as functional grouping, are applied wherever possible and with consistency; iv) laboratory, field measurement and modelling research is well-coordinated. Based on the previous discussions, we propose the following set of research objectives for future research:
R1: Improvements to measurement techniques 1. Development and application of powerful and efficient analytical techniques for the identification and quantification of SOA components in laboratory experiments and field measurements. (e.g., online and single particle aerosol mass spectrometry, optical spectroscopy, chromatography, isotope analysis).
2. Development and optimisation of physical and chemical measurement techniques for nanometre-sized particles, clusters, and ions (ion spectrometer, single particle MS).
3. Further improvement of artefact-free aerosol sampling for organic compounds and standardize the BC/OC separation procedure through EGA.
4. Understanding of organic compositions at the functional group or structural level is still an important subject of OA study in terms of bulk-, size-segregated and individual aerosol particles. Developments of new methods and technologies are needed to better describe the chemical composition of OA.
5. Spatial distributions of functional groups within an individual particle further need to be studied, because such chemical states determine the physical properties of aerosols.
R2: Laboratory and environmental chamber experiments
1. More laboratory and environmental chamber experiments under atmospherically relevant conditions are needed to elucidate: i) SOA formation pathways, in particular heterogeneous and multiphase reaction pathways;
ii) organic aerosol aging processes.
2. The mechanism and kinetics of the involved physical and chemical processes need to be understood. These studies should be combined with chemical modelling studies at different scales.
3. Laboratory studies to elucidate the mechanisms and kinetics of nucleation and growth of new particles and to gather thermodynamic data of SOA components as a function of temperature and composition (surface tensions, densities, vapour pressures, activities).
4. Laboratory studies under controlled conditions, investigating the role of organic aerosols as ice nuclei in conditions characteristic of the upper troposphere.
5. Laboratory studies on the heterogeneous reactions that result in small and highly oxygenated species as well as large polymers (HULIS), with various organic precursors of biogenic and anthropogenic origin.
6. Laboratory studies of aerosol water uptake (i.e. hygroscopicity and activation) for OA and OA mixed with inorganic species and soot.
R3: Field measurements
1. Field measurements on new particle formation, with comprehensive physical and chemical analysis of particles, clusters, and ions, and with detailed meteorological data.
2. Tests and validation of laboratory, chamber and model results by combining a Lagrangian observational approach with air parcel and process models (see, for example, Lohmann and Leck, 2005) .
3. Lagrangian or pseudo-Lagrangian studies to study how the properties of aerosol aerosols/components evolve from emission at the source to locations downwind, both before and after cloud-processing.
4. Integrated regional studies in regions shown to have high sensitivity in climate models.
5. Field measurements studying the role of OA in the nucleation processes (e.g., ice crystal formation) in clouds in the upper troposphere.
6. Field measurements of small and highly oxygenated species as well as large polymers (HULIS), with various organic precursors of biogenic and anthropogenic origin. These results should be synthesised with what is learned from laboratory studies (i.e. R2 d) above), with the goal of understanding (and, ideally, being able to parameterize) the heterogeneous reactions involved in the OA formation.
7. Investigation on the degree to which source categories (i.e. Table 1 ) are correlated with aerosol properties (i.e. "Defining characteristics" in Table 1 ). This will allow studies that use(d) source classification to be synthesized with those that have used classification by aerosol properties.
8. Coordinated measurements of aerosol water uptake (i.e. hygroscopicity and activation) and chemical composition for a range of real atmospheric aerosol.
9. Involvement of modellers in the planning for and interpretation of data from field experiments.
R4: Model evaluation and development
Model evaluation:
i) use of regional models to evaluate the representativeness of observational sites; ii) extension of these results to the GCM scale;
iii) use of regional models to infer subgrid-scale information needed on GCM scale.
2. Use of in-situ data (especially vertical/high altitude information), surface observations and remote sensing for model evaluation.
3. Improved collaborations between climate modellers and the air quality and health communities. Use the wealth of data from air quality monitoring to improve models.
4. Derivation of simplified parameterisations (lumping of species and processes) for atmospheric CTMs (regional and global).
5. Development of detailed process models and master mechanisms describing:
i) mass transport ii) chemical reactions of organic and inorganic compounds in aerosols and clouds iii) organic trace gas and aerosol chemistry (VOC, SVOC, NVOC) iv) new particle formation, including nucleation, growth, aerosol dynamics, sulphur and organic chemistry as well as the role of ions/electric charge.
The use of consistent and universally applicable formalisms and terminology is particularly important in this context.
R5: Application of models
1. Sensitivity studies of new particle formation and organic aerosol aging, using detailed process models and simplified atmospheric models.
2. Modelling studies that include comprehensive and coupled dynamics, vegetation, cloud microphysics and chemistry to understand and describe aerosol-cloud interactions.
3. Perturbation studies, looking at the dynamical, physical and chemical state of clouds.
Involve modellers in field experiments for:
i) the planning and interpretation of field measurements;
ii) use of climate models to define sensitive regions for integrated regional studies;
iii) use of chemical forecasting in the realization of the field experiments.
Conclusions
OA are clearly a significant fraction of atmospheric particulate matter, which has a large impact on aerosol physical and chemical properties. Unfortunately, OA chemical complexity and the technical limitations of present analytical tools have frustrated attempts to characterize OA. As a result, OA impact cannot presently be described adequately in chemical transport and climate models. The research agenda outlined in this paper aims at assisting in prioritizing research in this critical area of the geosciences. A set of self-consistent terms for describing OA, has also been suggested and is expected to enhance clarity in discussing within the scientific community of atmospheric and climate research OA sources, properties, interactions, and effects.
